Lesions of one cerebral hemisphere are asso ciated with decreased glucose metabolism, oxygen me tabolism, and blood flow in the contralateral cerebellar hemisphere. We used positron emission tomography to look for a functional relationship in cerebral metabolism between the cerebral cortex and the contralateral cere bellum in normal human subjects. Twenty-four normal subjects were scanned with [18Flfluoro-2-deoxY-D-glu cose while in a resting state. Asymmetry in local CMRglu (LCMRglu) in the frontal cortex was strongly correlated with asymmetry in LCMRglu in the opposite direction in The cerebral hemispheres have long been known to provide substantial crossed input to the cere bellar hemispheres. The largest pathway providing this input is disynaptic, consisting of the cortico pontine fibers, which pass from each cerebral hemi sphere to the ipsilateral basis pontis, and the ponto cerebellar fibers, which cross to the opposite cere bellar hemisphere.
the cerebellar hemispheres (r = -0.60, p < 0.001). Widespread subregions of the frontal cortex were found to contribute to this relationship. Considering these re sults together with previous studies demonstrating that frontal lesions are associated with decreased metabolism in the contralateral cerebelium, we conclude that the frontal cortex exerts a strong modulating influence on metabolism in the contralateral cerebellum in normal subjects, and that this influence may be asymmetrical. Key Words: Cerebelium-Fluorodeoxyglucose-Frontal lobes-Positron emission tomography.
depressed values in the cerebellar hemisphere con tralateral to the lesion (Baron et aI., 1980; Lenzi et aI., 1982; Martin and Raichle, 1983; Kushner et aI., 1984; Patronas et aI., 1984; Pantano et aI., 1986) . This effect has been termed "crossed cerebellar diaschisis," where the term diaschisis refers to the depression of function of a brain region as a result of a lesion elsewhere in the brain. Martin and Raichle (1983) and Patronas et ai. (1984) report that most patients with crossed cerebellar diaschisis have frontal lesions, while Lenzi et ai. (1982) and Kushner et ai. (1984) found a predominance of pari etal lesions. Pantano et ai. (1986) found crossed ce rebellar diaschisis to be most frequent and severe with deep infarcts in the middle cerebral artery ter ritory, followed by multilobar and capsular infarcts.
The present study was designed to determine whether the relationship between cerebrum and cerebellum detected after brain lesions might also exist in normal subjects. We predicted that natu rally occurring asymmetries in cerebral hemisphere metabolism might be associated with asymmetrical function of the cerebrocerebellar projections. The resulting asymmetry in modulation of the cere-bellum would be manifested as a correlation be tween asymmetry in cerebral hemisphere metabo lism and asymmetry in the opposite direction in cerebellar hemisphere metabolism. Furthermore, because of the importance of the frontal lobes in integration of motor activity, we predicted that the relationship would be strongest for the frontal lobes.
METHODS

Subjects
Tw enty-four normal subjects aged 36 ± 12 years (mean ± SD; range 18-58 years), including 10 men and 14 women, were studied. The subjects were carefully evalu ated clinically to minimize the risk of including any sub ject with a neurological disorder. No subject had a his tory of a neurological disorder, and all underwent neuro logical examination with normal results. Medical history and examination revealed no evidence of active medical conditions. No subject was taking a medication with cen tral nervous system effects. All subjects underwent de tailed psychometric testing with normal results. All sub jects had blood counts and chemistry profiles that dis closed no important abnormalities.
The subjects were paid for undergoing PET scans and the associated testing. All subjects gave written informed consent. Performance of the scans was approved by the institutional review board.
Performance of PET scans
[l8F]Fluoro-2-deoxY-D-glucose (FDG) was prepared by a modification of the method of Ehrenkaufer et al. (1984) . Radiochemical purity was >95%. Five to 10 mCi was in jected intravenously.
A radial artery catheter was inserted for blood sam pling in all subjects. In all but one subject a venous cath eter was placed on the side opposite the arterial catheter. The subjects were blindfolded in a dark, quiet room during FDG uptake and were instructed to keep move ment to a minimum.
The scans were performed on a PC-T 4600A tomo graph, which has a resolution of 1.1 x 1.1 x 0.9 cm. Five planes spaced 1.15 cm apart are scanned simulta neously with this tomograph. Scans were performed 30-75 min after FDG injection. Four sets of scans par allel to the canthomeatal line were performed on each subject, including two interleaved sets through lower brain levels and two interleaved sets through upper brain levels. Thus, 20 planes spaced at 0.575-cm intervals were scanned. The subjects were carefully aligned using crossed laser beams, and head position was reconfirmed twice during the sequence of scans.
Local CMRglu (LCMRglu) was calculated by the single scan approach of Phelps et al. (1979) using standard ki netic constants for gray matter (Hawkins et aI., 1983 ) and a lumped constant of 0.52 (Reivich et aI., 1985) . Attenua tion correction was calculated with the shape of the head approximated as an ellipse, with correction for increased attenuation of the skull and attenuation of the head holder.
Image analysis
Ten planes were selected for analysis of LCMRglu in cerebral cortex. The planes were selected by reference to five anatomic landmarks. The lowest plane was 4.4 ± 0.4 cm (mean ± SD) above the canthomeatal line.
For both cerebral cortex and cerebellar hemispheres, asymmetry was calculated as follows:
where R and L represent LCMRglu values from the right and left sides, respectively.
Regions of interest in cerebral cortex were determined using an automated routine. The first step was to define a vertical (antero-posterior) centerline through each plane. Because of the importance of this step, three different methods were tried. The preferred method, a left-right correlation procedure, is entirely objective; i.e., no judg ments need to be made by the investigator. A copy of each image, flipped about a vertical axis, was multiplied pixel by pixel by the unflipped image, resulting in a "product image." The average value in a large region of interest encompassing the entire product image was de termined. By combinations of full-pixel horizontal trans lations of the flipped and unflipped images, vertical axes at half-pixel increments could be tested. The vertical axis that yielded the largest product was identified as the cen terline. The second method for centerline determination, the "center-of-gravity" method, is largely objective; i.e., it requires only a minimum of judgment. An ellipse fitted to each brain image was used to generate an average value of LCMRglu' A threshold was established at 33% of the average value; all values within the threshold were assigned a constant arbitrary value, and all values outside the threshold were assigned a value of zero. Occasion ally, the threshold was set at a value <33% to prevent values near the lateral ventricles from falling below the threshold, and occasionally it was set higher than 33% to prevent noise extending outside the brain contour from meeting the threshold. The third method for centerline determination was "by eye." This was done by placing ellipses over the brain image and choosing that which ap peared to match best the perimeter of the brain; the cen terline was the mean of the left and right coordinates of the ellipse. The position of interior landmarks was also considered in choosing the centerline by eye.
The three methods of centerline determination all pro duced the same centerline in 73% of the 240 planes exam ined. In no instance did any two methods differ by >0.5 pixel (0.188 cm). The left-right correlation method agreed with at least one other method in 92% of the planes, while the center-of-gravity method and the eye method agreed with at least one other method in 90 and 84% of the planes, respectively. Because of its complete objectivity and its high rate of agreement with the other methods, the left-right correlation method was selected as the preferred method, but the other two methods were also used to confirm the major finding of this study.
An automated method was used to define regions of interest in cerebral cortex. First, an ellipse was fitted to the image, with the center of the ellipse constrained to the centerline determined by the three methods described above. The image was then passed through an edge-en hancing filter. The enhanced image was flipped about its vertical centerline and added to itself. A threshold was applied to the resulting image, resulting in a symmetrical pattern emphasizing regions of high metabolism (Fig.  lB) . The outermost 1.5 cm was identified as the cortical rim. The cortical rim of each hemisphere was then di- For determination of cerebellar hemisphere LCMRglu, two adjacent planes were analyzed and the values aver aged. The regions of interest were parallelograms 2.2 x 1.1 em in size ( Fig. ID) . These regions of interest were positioned at the location over the cerebellar hemisphere that yielded maximal values for LCMRglu. This method was highly reproducible and required a minimum of judg ment by the investigators.
Asymmetry in cerebellar local CMR g tu (lCMR gt u) versus asymmetry in frontal cortex lCMR g tu for 24 normal subjects. The key indicates the handedness and the side (l.
left; R. right) of radial artery catheterization for each subject. The regression line is shown.
RESULTS
Asymmetry was found to average 0.0 ± 1.8% (mean ± SD) in cerebral cortex (all sectors and all planes), 1.1 ± 2.8% in frontal cortex (sectors 1-3 in all planes), and -2. 1 ± 2.8% in cerebellum (see Ta ble I). Asymmetry was significantly different from zero in cerebellum (p < 0.001 by two-tailed t test) but not in cerebral cortex or in frontal cortex.
Asymmetry in cerebral cortex was weakly in versely correlated with asymmetry in cerebellum (r = -0.35; p = 0.04, one tailed). Asymmetry in frontal cortex was strongly inversely correlated with asymmetry in cerebellum (r = -0.60; p = 0.0009, one tailed) (see Fig. 2 ) when the automated image analysis relied on centering by the preferred left-right correlation method. The correlation be tween frontal cortex asymmetry and cerebellar asymmetry was also highly significant when cen tering was performed by the center-of-gravity method (r = -0.53; p = 0.004) or by eye (r = -0.59; p = 0.001). The contribution of frontal lobe asymmetry entirely accounted for the correla tion of cerebral hemisphere asymmetry with cere bellar asymmetry. Any two subjects could be elimi nated from the analysis and the correlation between frontal cortex and cerebellum was still significant at p < 0.05.
Neither handedness nor side of arterial catheter ization can account for the major findings of this study (see Ta ble 1). The relationship between frontal cortex and cerebellar metabolic asymmetry was significant in the 23 right-handed subjects (r = -0. 60; p < 0.001). The left greater than right cere bellar asymmetry in the right-handed subjects was also significant (p = 0.002). Twenty subjects were catheterized in the left radial artery, and the corre lation between asymmetry in the cerebellum and asymmetry in the frontal lobe was significant in this group (r = -0. 48; p = 0.015). This correlation was also significant in the four subjects catheterized in the right radial artery (r = -0.93; p = 0.04). The cerebellar asymmetry was significantly different from zero in the 20 subjects catheterized in the left radial artery (p < 0.001) but was not different from zero in the four subjects catheterized on the right. Asymmetry in the cerebral cortex did not differ sig nificantly between subjects catheterized on the left and those catheterized on the right, but there was a trend toward higher frontal metabolism in the hemi sphere opposite the side of arterial catheterization (p = 0.07).
Correlations between asymmetry in individual subregions of cerebral cortex and asymmetry in cerebellum are portrayed in Fig. 3 . Widespread subregions of frontal cortex were found to correlate significantly with asymmetry in the opposite direc tion in cerebellum. In the prefrontal regions, subre gions with nonsignificant r values in planes 5-6 (r = -0. 28, -0.24) separated subregions with signifi cant r values in planes 3-4 and 7-8, but the slopes of the relation between asymmetry in the cerebral cortex subregions and asymmetry in cerebellum were not significantly different among these subre gions. Thus, we were unable to conclude that sub regions with a significant relationship fell into two anatomically separate locales (planes 1-4, planes 7 -10) rather than a single anatomically contiguous locale.
DISCUSSION
Our results indicate that asymmetry in frontal cortex glucose metabolism is strongly correlated with asymmetry in the opposite direction in cere bellar metabolism in normal subjects. We were able to exclude both handedness and side of arterial catheterization as causes of this correlation.
Our results do not indicate whether asymmetrical frontal lobe function causes asymmetrical cere bellar function, whether asymmetrical cerebellar function causes asymmetrical frontal lobe function, or whether asymmetries observed in both regions might derive from asymmetrical function of some other brain region. The only evidence to our knowl edge suggesting that asymmetrical cerebellar func tion causes asymmetrical frontal lobe function is a report by Broich et al. (1987) describing a patient with a right cerebellar infarct and a 23% right J Cereh Blood Flow Metab. Vol. 8. No. 6. 1988 greater than left asymmetry in uptake of [123I]io doamphetamine in premotor cortex, but they could not confirm this asymmetry with measurements of regional CBF with 133Xe inhalation. Because frontal lobe lesions are frequently associated with contra lateral cerebellar diaschisis, and because we are un aware of any other evidence that lesions of one cer ebellar hemisphere affect metabolism or blood flow in the contralateral frontal lobe, we strongly sus pect that naturally occurring asymmetry in frontal lobe function is responsible for the asymmetry in cerebellum, thus accounting for the relationship we observed.
We observed a significant left greater than right asymmetry averaging -2.1 % in cerebellum. This asymmetry does not account for the significant re lationship between frontal cortex asymmetry and cerebellar asymmetry, which we regard as the more important finding of this study. Duara et al. (1983 Duara et al. ( , 1984 reported asymmetries averaging -5.5 and -3.0% in cerebellar LCMRglu, and Theodore et al. (1987) found a -2% asymmetry. In contrast, Sasaki et al. (1986) found no asymmetry, and Heiss et al. (1984) found a + 2.8% asymmetry. In all of these reports, either the asymmetry in cerebellum was not significant, or significance was not mentioned by the authors. Nonetheless, we believe that our finding reflects a genuine left greater than right cer ebellar metabolic asymmetry because the level of significance is high and the direction agrees with that described in the majority of the above reports. Metabolisms in cerebral cortex and in frontal cortex were symmetrical. There is an extensive literature on the anatomy and physiology of the cerebral projections to the cerebellum (Gilman et al., 1981; Ito, 1984) . Anatom ical studies indicate that three groups of pathways, each disynaptic, link the cerebral hemispheres with the cerebellum. The pathways via the pontine nu clei and several reticular nuclei both terminate in the cerebellum as mossy fibers, and the pathway via the inferior olive terminates as climbing fibers.
The largest pathway linking the cerebral hemi spheres with cerebellum includes the corticopon tine tract to the ipsilateral pontine nuclei and the pontocerebellar fibers to the contralateral cere bellum (Gilman et al., 1981; Ito, 1984) . The cortico pontine projection is an extremely large pathway, thought to contain more fibers than the pyramid and to comprise the majority of the fibers in the cerebral peduncle (Tomasch, 1969) . In monkeys, some investigators have found the greatest density of corticopontine neurons in precentral cortex (area 4) (Brodal, 1978; Wiesendanger et aI., 1979) , while others have found the density in premotor cortex (area 6) and frontal eye fields (area 8) to be as great or greater (Glickstein et al., 1981; Leichnetz et aI., 1984) . Prefrontal cortex (areas 9 and 10) and post central cortex (areas 3, 1, and 2) also give rise to a substantial number of corticopontine fibers, while the remainder of the parietal lobe (areas 5 and 7), some regions of the temporal lobe (areas 21 and 22), and the lateral visual cortex (areas 18 and 19) give rise to smaller numbers of fibers. Frontal cortex, especially areas 6 and 8, projects predomi nantly to the paramedian and ventral regions of the ipsilateral pontine nuclei, while somatosensory and parietal cortex project predominantly to the lateral region of the ipsilateral pontine nuclei (Brodal, 1978; Leichnetz et aI., 1984 ) (see Fig. 4 ). All por tions of the pontine nuclei project strongly to wide spread regions of the contralateral cerebellar hemi sphere. In a study simultaneously demonstrating corticopontine and pontocerebellar pathways, Brodal (1987) found the projection to a large lateral cerebellar region (crus II) to be stronger from area 6 than from other cerebral cortical regions. The second set of pathways through which the hemispheres might modulate cerebellar activity is via several reticular formation nuclei, including the nucleus reticularis tegmenti of the pons (NRTP) and the lateral and paramedian reticular nuclei and perihypoglossal nuclei in the medulla. Cerebral input to NRTP is largely ipsilateral, with the ma jority of fibers originating in precentral cortex (area 4) and smaller numbers in the premotor region (area 6), somatosensory cortex (areas 3, 1, and 2), and parietal association cortex (area 5) (Brodal, 1980a) . NRTP projects bilaterally to most of the cere bellum, but with a preponderance to contralateral vermis (Brodal, 1980b; Gerrits and Voogd, 1986) . Cerebral afferents to lateral reticular nuclei are largely from the contralateral frontal and sensori motor regions (Kuypers and Lawrence, 1967; Hry cyshyn and Flumerfelt, 1981) . Lateral reticular nu clei project mainly to the ipsilateral vermis and par amedian lobule (Clendenin et al., 1974; Brodal, 1975; Kunzle, 1975; Matsushita and Ikeda, 1976) , but some fibers may reach the hemisphere (Die trichs and Walberg, 1979) . Cerebral input to para median reticular nuclei is bilateral, largely from pri mary motor cortex (Sousa-Pinto, 1970) . Parame dian reticular nuclei project bilaterally, primarily to the anterior lobe and to the vermis of the posterior lobe (Somana and Walberg, 1978) . The perihypo-glossal nuclei receive afferents from the face area of primary motor cortex (Sousa-Pinto, 1970) and project primarily to vermal regions of the cere bellum (Gilman et aI., 1981) .
The third pathway connecting cerebral hemi spheres with cerebellum is via the inferior and ac cessory olivary nuclei. The strongest cerebral pro jections to the olivary nuclei originate in ipsilateral precentral and premotor cortex, but some fibers originate in parietal association cortex and pre frontal cortex as well (Sasaki et aI., 1977; Saint Cyr, 1983) . The olivocerebellar projection is topo graphically organized and reaches all portions of contralateral cerebellar cortex (Brodal and Brodal, 1981) .
Electrical stimulation studies in monkeys have demonstrated that the cerebral cortical regions that most readily evoke potentials in the lateral cere bellum include premotor cortex (area 6), frontal eye fields (area 8), precentral cortex (area 4), prefrontal cortex (areas 9 and 10), and postcentral cortex (areas 3,1, and 2) (Dow, 1942; Sasaki et aI., 1977) . Areas with weaker input include the remainder of the parietal lobe, some regions of the temporal lobe (areas 21 and 22), and the lateral visual cortex (areas 18 and 19 ). An electrical stimulation study in cats provided similar results (Jansen, 1957) .
Our results demonstrate a strong correlation be tween asymmetry in frontal metabolism and asym metry in the opposite direction in cerebellar hemi sphere metabolism. We believe that this finding is attributable to modulation by the frontal lobe of activity in the contralateral cerebellum. Because the corticopontine-pontocerebellar system is the largest system linking cerebral cortex and cere bellum, and because it projects densely to the con tralateral cerebellar hemisphere, we believe this system is likely to account for most of the func tional relationship we observed. The second largest of these anatomical systems, the corticoolivocere bellar system, is estimated to be only one-twentieth the size of the corticopontocerebellar system (To masch, 1969) . Nonetheless, because it also pro vides strong contralateral input to cerebellar hemi sphere, this system may also contribute to the ob served relationship. The pathways via the reticular nuclei are smaller and include substantial input to the vermis and ipsilateral cerebellar hemisphere; for these reasons, we believe they are less likely to account for the observed relationship.
Our results indicate that the cerebral regions with the strongest functional linkage to lateral portions of the contralateral cerebellar hemisphere are sub regions of the frontal lobe. We found the asym metry in premotor and prefrontal areas to correlate J Cereb Blood Flow Me/ab, Vol. 8, No.6, 1988 most strongly with cerebellar metabolic asym metry; precentral cortical regions appear to corre late more weakly, and parietal regions do not corre late at all. These results differ slightly from those of anatomical and physiological studies in monkeys, which show the strongest projection in monkeys to be from premotor, precentral, and postcentral cortex, with a weaker projection from prefrontal regions. One possible explanation for the difference is that the projection from prefrontal cortex is ana tomically more prominent in humans than in monkeys. A second possibility is that the functional importance of the projection from prefrontal cortex is greater than one might predict based on the number of fibers. The similarity between the re gions showing metabolic correlation in our study and regions projecting to the dorsal paramedian basilar pons in the study of Leichnetz et al. (1984) (Fig. 4) suggests the possibility that this pathway may be functionally more important in humans than projections to other portions of the basilar pons. A third possibility is that the correlation was strong for the prefrontal subregions because the degree of naturally occurring asymmetry in function of the prefrontocerebellar connections is greater; we be lieve this is unlikely because the metabolic asym metry observed in the prefrontal regions was sim ilar to that observed in other cerebral cortical re gions.
We cannot exclude the possibility that asymmet rical sensory input or asymmetrical motor activity by our subjects may have contributed to the ob served relationship, but because the scans were performed under conditions of relative sensory de privation with a minimum of motor activity, this seems unlikely. Though we found a trend toward higher metabolism in frontal cortex in the hemi sphere opposite the side of arterial catheterization, the side of catheterization cannot account for the observed relationship because the relationship was significant within both the group catheterized on the left and the group catheterized on the right. Furthermore, the sensory stimulation associated with the arterial catheter was counterbalanced by that associated with a venous catheter in the oppo site side in all but one subject. Even if asymmetry in sensory input or in motor or mental activity were partly responsible for the observed correlation, our finding would still indicate the presence of a strong functional linkage between frontal lobe and cere bellum.
We think it is unlikely that unrecognized brain le sions are responsible for the relationship observed. To minimize the risk of including subjects with such brain lesions, we excluded elderly subjects from this study, and we rigorously screened our subjects for neurological abnormalities as well as important medical conditions. Furthermore, the observed correlation was strong enough that if the results from any two subjects were eliminated, the correla tion would remain statistically significant.
We were unable to identify any technical factors that might account for the findings of this study. We took great care with head positioning to prevent head tilt, and the resulting images confirm absent or minimal tilting. Our methods for analysis of both cerebral cortical regions and cerebellar regions re quired a minimum of judgment by the investigators. The averaging of values from two planes through the cerebellum reduces error in these values.
Our results also indicate that the small degrees of asymmetry found in LCMRg1u in normals do not simply represent error in measurement. Rather, such metabolic asymmetry may contain useful in formation indicative of naturally OCCUrrIng asym metry in brain function.
